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ABSTRACT 
A discontinuous and non-uniform microstructure of a 
low-density thermally bonded nonwoven material 
displays in a complicated and unstable tensile 
behavior. This paper reports uniaxial tensile tests of a 
low density thermally bonded nonwoven to 
investigate the effect of the specimen size and shape 
factor, as well as the cyclic tensile loading conditions 
employed to investigate the deformational behavior 
and performance of the nonwoven at different 
loading stages. The experimental data are compared 
with results of microscopic image analysis and FE 
models.  
 
INTRODUCTION 
Due to the complex structure of nonwoven fabrics, 
researchers have used considerable efforts to 
understand the mechanical behavior of nonwoven 
materials. Studies have been implemented to 
investigate the tensile behavior of the material at both 
micro-scale and macro-scale [1-6] and to describe the 
material properties using various theories, for 
instance, orthotropic theory [7, 8]. The tensile tests 
were used in most of the studies and they were based 
on BS or ASTM standards. Calender bonded 
nonwoven materials are formed by two phases at the 
macro-scale: the bond points and the fibrous network. 
The network consists of curved and entangled fibers 
and voids areas at the micro-scale. Due to the non-
uniform microstructure and material properties of the 
fabric, different size specimens may demonstrate 
different types of material behavior due to the effect 
of specimen dimension and shape factor (the ratio of 
the specimen’s length to its width). The 
rearrangement of the nonwoven’s mobile 
microstructure during the deformation process under 
tension may result in different material performance 
under different loading conditions. Therefore, it is 
necessary to implement tensile tests using specimens 
with varying dimensions and varying loading 
conditions. In this paper, the results of image analysis 
and FEA are also introduced to help to understand the 
phenomena observed in our experiments. 
 
 
TEST MATERIAL AND SPECIMENS 
In the experiments, a thermally bonded nonwoven 
fabric (fiber: Polypropylene; weight: 20 gsm) was 
studied. Due to its discontinuous and non-uniform 
microstructure, causes the properties of the material 
to be highly size-dependent, the specimens were 
prepared with varying lengths and widths. The 
various sizes of the tested specimens are shown in 
Table I. For cyclic loading tensile test, a specimen 
gage length of 25 mm and width of 20 mm was used. 
 
 
TABLE I. Dimensions of specimens used of the tensile tests 
 
Length (mm) 
12.5  25   50   100  Width (mm) 
Shape factors 
5 2.5  5  10  20 
10   1.25  2.5  5  10 
20   0.625  1.25  2.5  5 
40   0.3125  0.625  1.25  2.5 
 
 
LOADING CONDITIONS 
Two types of tensile tests were performed: (i) 
uniaxial tensile test at a constant deformation rate (50 
mm/min) and (ii) cyclic loading uniaxial tensile test. 
The main parameter used as a basis for comparison of 
the obtained experimental results was the tensile 
modulus. The first type of tests is used to investigate 
the effect of size and shape factors. Then to 
understand the elasto-plastic properties of the 
material and the material performance under different 
loading stages, cyclic loading tests are conducted. 
These tests were controlled by loading. In the 
machine direction, in each cycle the load on the 
specimen was increased by 3 N steps and unloaded to 
zero, with an initial load of 6 N until it ruptured. The 
loading speed was 0.5 N/s. In cross direction, the 
loading control values were 0.9 N, 1.8 N and 2.5 N. 
The loading speed was 0.2 N/s. The equipment used 
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Tester 5848; special clamps were manufactured to fix 
the specimens of nonwoven materials (Figure 1). 
 
 
 
FIGURE 1. Clamps and sample installation on the micro tester 
 
 
RESULTS AND DISCUSSION  
 
The Effect of the Specimen Size 
To investigate the effect of the length and width, 
specimens of a nonwoven fabric with four different 
lengths and four different widths, as detailed in Table 
I, were tested. Due to anisotropy of the properties of 
the nonwoven material and asymmetric bond point 
pattern, its tensile behavior is highly sensitive to fiber 
orientation so all the experiments were performed in 
both machine direction (MD) and cross directions 
(CD). The results obtained are presented in Figures 2 
- 4.  
 
In the machine direction (MD), tensile tests with 
smaller sample lengths (12.5 mm and 25 mm) and 
widths (5 mm and 10 mm) give inconsistent, 
scattered results. This leads to a conclusion that the 
effect of the sample size in this group should be 
further investigated in detail. At the sample length 
range of 50 to 100 mm, the modulus increases with 
the sample length, however the sample width does 
not seem to have a significant effect on test results. 
At sample width range of 20 to 40 mm, the moduli 
tend to increase with the increasing sample length; 
however, the influence of the sample length becomes 
less as the sample length increases.  100 mm sample 
length gives consistently high modulus values. 
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FIGURE 2. Effect of gage length (a) and width (b) on tensile 
modulus in MD 
 
 
In the cross direction (CD), the test results, although 
slightly affected by the sample width, do not show 
much variation over the range of sample width for 
any given any given sample length, with the 
exception of the 5 mm wide and 100 mm long sample, 
which has a very high shape ratio (L/W). The 
increase in the sample length also has small effect on 
the test results except the 100 mm samples which 
displays a considerable increase in the modulus for 
all sample widths except 5 mm. 
 
It can be concluded that, in the CD, if the longest 
length (100 mm) sample is eliminated, the results of 
the remaining tests are fairly consistent; shape size 
and ratio appear to have a small effect. 
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FIGURE 3. Effect of gage length (a) and width (b) on tensile 
modulus in CD 
 
 
The Effect of the Shape Ratio 
Figure 4 shows the test results for specimens with 
four different dimensions but having the same shape 
factor of 2.5. In the machine direction, Figure 4a 
shows that the specimen length has a significant 
effect on the results, although the shape factor was 
the same for all samples. 
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FIGURE 4. Effect of length for geometrically similar specimens 
with shape factor 2.5: (a) in machine direction; (b) in cross 
direction 
 
 
Shortest and the longest lengths appear to result in 
higher moduli. Lower moduli with a low scatter are 
obtained for the specimens with lengths in between 
the two extremes. When the dimension changes from 
50 mm to 100 mm, the modulus increases sharply, 
which suggests a considerable increase in the 
stiffness of the material (and, consequently, load-
bearing capacity). In CD, the results show similar 
trends to those for the MD (Figure 4b). 
 
Cyclic Loading Tests 
Figure 5 shows typical stress-strain relationships for 
the tensile tests controlled by cyclic loading in 
machine direction.  In cycles 1 and 2 (Figure 6a and 
6b), when the magnitude of the external loading 
returns to zero, the strain recovers fully returning to 
the initial level. This demonstrates that the material 
performs reversibly (elastically) in these two initial 
cycles. But in cycle 2 the loading curve demonstrates 
a nonlinear, or rather bi-linear, character. Therefore, 
in cycle 1 the elastic modulus is linked to the initial 
slope of the curve when the elastic strain  e ε  does not 
exceed 17.5% (average value). In the initial period of 
tension, the stretching process is dominated by the 
release of the entangled fibers and straightening of 
curved fibers in the nonwoven fabric. The load 
causes static fiction between the entangled fibers at 
the initial stage of the “stick-slip” behavior.  
 
In cycle 2, the bi-linear behavior is caused by the 
release of the entangled fibers. The process begins 
with a small number of fibers, when the applied load 
overcomes the static friction between them, and the 
friction becomes a kinetic one, with a lower level 
than static friction. In cycle 2, only a small portion of 
the entangled fibers is released; this cannot change 
the elastic behavior of the whole sample. Both in 
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the curves show a viscous type of behavior. 
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FIGURE 5. Stress – strain curves of cyclic loading tests in machine 
direction 
 
 
In cycle 3 (Figure 6c), the induced strain could not 
vanish during the unloading process; it shows that the 
specimen has irreversible (plastic) deformation 
during this cycle. The relatively low plastic 
deformation is caused by the release of the entangled 
fibers, the straightening of the curved fibers and the 
possible micro-damage accompanying the extension 
process. At this stage the friction between fibers is 
predominantly kinetic. A hysteretic character of the 
loading-unloading process vividly manifests a 
viscous character of deformation in the nonwoven. In 
cycle 4 (Figure 6d), the loading curve shows an 
elastic behavior during the initial stage of loading. 
But when the loading increases within the limits set 
for this cycle, the force momentarily drops and then 
rises again. This phenomenon does not appear in 
standard tensile tests, which have a constant loading 
extension rate.  This loading magnitude seems to be a 
critical value, which is linked to the onset of plastic 
deformation. The average value of this threshold is 
0.6 N/mm (average value) for the low-density 
nonwoven tested. 
 
In cycle 5 (Figure 6e) and cycle 6 (Figure 6f), the 
specimen demonstrates an increasingly higher level 
of plastic deformation. But the phenomenon of the 
sudden loading drop still exists. At this stage of 
tension, the deformation mechanism becomes more 
complicated due to the generation of significant shear 
stress by the material’s non-uniform microstructure 
and arrangement of bonding points. Figures 8 and 9 
explain the phenomena with the help of our image 
analysis data and results of the simulation with finite 
element analysis (FEA). The picture obtained by 
Thermoelastic Stress Analysis System (Figure 8) 
shows the line of bonding points that becomes 
distorted due to different levels of stress transferred 
from neighboring areas, caused by the non-uniform 
local density. That means the stress distribution of the 
material is uneven due to its non-uniformity of the 
material, and higher shear stresses are generated. The 
FEA results (Figure 9) demonstrate the shear stress 
generated from one line of bonding points to the 
neighboring lines due to the high stiffness of the 
bonding points and their spacing arrangements. The 
unloading process is viscous in the cycles. Then, in 
cycle 7, specimen ruptures (Figure 6g). 
 
In the machine direction, from cycle 3 the material 
begins deforming plastically, and the elastic part of 
the total strain is shown in Figure 7. In cycle 3 the 
plastic deformation is due to the rearrangement of the 
microstructure; in cycle 4 plastic deformation is 
negligible and the specimen’s behavior is 
predominantly reversible. It demonstrates that the 
material develops a significant plastic deformation 
due to irreversible deformation of a large number of 
fibers.  
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FIGURE 6. Analysis of cyclic loading tests in machine direction: 
(a) cycle 1; (b) cycle 2; (c) cycle 3; (d) cycle 4; (e) cycle 5; (f) 
cycle 6; (g) cycle 7 
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FIGURE 7. Elastic strain of specimens for different loading cycles 
 
 
  Area with low density 
 
FIGURE 8. Tensile behavior of specimen in machine direction 
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FIGURE 9. Stress distribution in deformed specimen in machine 
direction (FEA) 
 
 
In cross direction, the tests include three cycles 
before the final rupture, which are shown in Figure 
10. In cycle 1 (Figure 11a), the specimen performs 
nearly linearly and elastically during the loading, but 
the unloading process is viscous. It is obvious from 
the plot that there is plastic deformation in this cycle 
since the strain value does not return back to zero at 
full unloading. In contrast to the initial extension 
stage of the specimen in machine direction, plastic 
deformation occurs from the beginning of the 
extension in cross direction. This phenomena is 
caused by the pure fiber-net path in the material 
along the cross direction, which is shown in Figure 
12a. The fiber-net path has really low stiffness and is 
mainly held together by inter-friction between fibers. 
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FIGURE 10. Stress – strain curves of cyclic loading tests in cross 
direction 
 
 
In cycle 2 (Figure 11b), the loading curve shows a 
nonlinear character, which also can be treated as a bi-
linear behavior up to ε = 1 (average value). The 
unloading process is viscous; there is also plastic 
deformation. At this stage of the extension, the short 
fibers, connecting two neighboring bond points along 
the loading direction, carry more load and start to 
rupture earlier than in other areas. The phenomena 
were confirmed both from the observation of 
experiments and the FE analysis (Figure 13).  It 
causes material hardening until the stage when four 
neighboring bond points form a diamond pattern as 
shown in Figure 12b. Such pattern is a relatively 
stable structure, with the boundaries being formed by 
relatively long fibers with rearranged directions along 
the diamond shape. Therefore, the slope shown in 
Figure 11b has two stages of elastic behavior.  
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FIGURE 11. Results of cyclic loading tests in cross direction: (a) 
cycle 1; (b) cycle 2; (c) cycle 3 
 
 
 
In cycle 3 (Figure 11c), the loading curve is 
nonlinear, but the slope change is not as apparent as 
the one in cycle 2. This phenomenon is caused by the 
fiber reorientation and the release of the entangled 
fibers. The processes of reorientation, fiber 
straightening and the release of entangled fibers 
affect mostly the material’s behavior at the early 
stage of extension. At the later stage, the mechanical 
properties are dominated by the mechanical 
properties of the fibers. The results demonstrate that 
only negligibly small elastic deformation occurs in 
the cross direction. From the initial stage of extension, 
the deformation process is irreversible (plastic), 
which is different from the behavior in machine 
direction. 
(b) 
 
FIGURE 12. SEM photos of nonwoven material: (a) undeformed 
specimen; (b) deformed specimen 
 
 
 
 
FIGURE 13. Stress distribution in deformed specimen in cross direction (FEA) 
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Complex structure of low density calendar bonded 
nonwoven material results in complex properties and 
deformation mechanisms. Deformational behavior of 
low density calendar bonded nonwoven materials 
have been studied using tensile tests. The effect of 
varying sample dimensions and different loading 
conditions have been analyzed.  
 
In MD, results of the tensile tests with smaller 
dimensions are inconclusive hence warrants further 
detailed investigation of the effect of the sample size 
in this group. Larger specimen lengths and widths in 
the range tested give much consistent results. 
Specimens in the CD are much less affected by the 
specimen size. In both MD and CD the longer 
specimen lengths generally result in higher moduli, 
indicating higher load-bearing capacity.  Different 
behavior of the samples in MD and CD directions 
suggest that the pattern of the bond points and fiber 
orientation have a significant affect on the behavior 
of the nonwoven material under tensile loading. 
Specimen size also has a significant effect on the 
results even for the same shape factor. Material tested 
displays a high modulus at short specimen length. 
Longer specimen lengths results in higher moduli too 
with sharp increases in both MD and CD. However 
the specimen samples in CD is less effected at shorter 
lengths and with a low scatter than the MD samples.  
 
Cyclic tests in MD show that the material has elastic 
behavior initially, and then the material performs 
plastically. During the deformation shear stress is 
generated due to the material’s non-uniformity and 
arrangement of bonding patterns. In the cross 
direction, plastic deformation prevails right from the 
beginning. This perhaps explains the more consistent 
behavior of the CD specimens in tensile testing. The 
nonlinear and irreversible deformation is governed by 
the arrangement of bonding patterns and reorientation 
of fibers. Their tensile behavior would benefit from 
further, in depth investigations of such material. 
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